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SUMMARY

| . Project Title
Development of Junction Application Technology at Low Temperature
I1. Project Objective and Significance

The Objective of this project 1s to develop a biomagnetic 7 channel system
that can be used for medical research and to develop a fabrication technology
for ultra small junctions less than 100 nm.

Owing to the progress of Industry and living in abundance, the average
length of life becomes longer and a fee for medical treatment 1s on the increase,
and because a considerable portion of the medical fee 1s related to medical
diagnoses, it is very important to develop the new diagnoses such as
biomagnetic measurements.

Since SQUID is a very sensitive magnetic sensor available, it can be used to
detect extremely weak biomagnetic fields from the human body that is
applicable to medical diagnosis.

As junction size becomes smaller, it showes quantum phenomena such as
coulomb blockade at very low temperature. Since this property can be applied
to Single Electron Tunneling(SET) devices which can make electrons to pass
the junction one by one, a very sensitive electrometer is possible with SET
devices. If SET devices are also realized for current standard, it is possible to
verify reciprocally from the voltage standard using Josephson junction and the
resistance standard using Quantum Hall Devices, so many advanced institutes

carry on competitive researches on it.



i, Contents

1. Construction of Biomagnetic SQUID system
¢ Process improvement for SQUID Sensor Fabrication
- Establishment of Etching, Insulation and Nb metallization technology
for reliable Nb/AlOx/Nb junctions
© (Characterization of Standard DC SQUID system
¢ Design, Fabrication and Characterization of DROS
- Design of DROS as a second generation SQUID
- DROS with reference junction
- Fabrication and Characterization of DROS
¢ (Construction of 3 channel DROS system insert
- Axial type 2nd order gradiometer with DROS
- Modular type 3 channel insert
¢ (Construction of SQUID controller
- Multichannel SQUID controller driving 4 SQUID sensors
© Design of Improved DROS
- relaxation frequency of around 1 GHz
- Planar magnetometer, gradiometer
2. Fabrication of Ultra Small Junctions
o Processing Technology of ultra small junctions using electron beam
- Installation of SEM for electron beam lithography
- Optimization of electron beam voltage
© Fabrication and Characterization of Aharanov-Bohm devices
- Fabrication of Aharanov-Bohm devices

- (Characterization of Aharanov-Bohm devices



IV. Results and Recommendation for Application

1. Construction of Biomagnetic SQUID system
¢ Process improvement for SQUID Sensor Fabrication
- Improved the step coverage by realizing photoresist overhang
structure for multilayer insulation and metallization
- Used the Reactive lon Etching(RIE) instead of anodization for
junction defining
- Deposited S102 two times by PECVD
- Developed a process not to lower the adhesion of Pd film due to
Si02 film
- Made the Nb/Pd pad for superconductive bonding of Nb wire
- Fabricated high quality Nb/AlOw/Nb junctions with Vm(=I.R(Z2mV))
of about 70 mV
© (Characterization of Standard DC SQUID systems
- Inspite of the high sensitivity, standard DC SQUID is not suitable to
multichannel system because the slew rate is restricted by the small
flux to voltage transfer coefficient circuit. Though it can be improved
by matching circuit, DROS is more profitable.
© Design, Fabrication and Characterization of DROS
- Design of DROS as a second generation SQUID
- Fabrication and Characterization of DROS
- Had 100 times larger flux to voltage transfer coefficient than
the standard DC SQUID
© (Construction of 3 channel DROS system insert
- Developed the superconductive bonding technology of Nb wire and

its critical current was larger than 50 mA

Vil



- Axial type 2nd order gradiometer with DROS
- Modular type 3 channel insert
- Flux noise : 9 u @,/ Hz
- Field-Flux transfer coefficient : 4 nT/®,
- Effective field noise : 36 fT// Hz
© Construction of SQUID controller
- Multichannel SQUID controller driving 4 SQUID sensors
© Design of Improved DROS
—- Integrated planar magnetometer and gradiometer
- improve the sensitivitiy by increasing relaxation frequency to 1 GHz
© The performance of this system will be enough to detect signals from
the heart and brain, reaching the level of advanced countries. On the
basts of such high technology, expensive medical diagnostic instruments
can be developed

2. Fabrication of Ultra Small Junctions

© Processing technology of ultra small junctions using electron beam
- Optimized the acceleration voltage of electron for fine patterns by
Monte Carlo simulation method
- Characterization of spin coating conditions for E-beam resist
- Installation of SEM for electron beam lithography
©  Fabrication and Characterization of Aharanov-Bohm Devices
- Fabncation of ring shaped Aharanov-Bohm devices with a line width
of 100 nm, a diameter of about 1 im using Sb, Ag, Pd metals on the
S1 wafer
~ Oberseved Aharanov-Bohm effect by measuring a magnetoresistance
oscillations with h/e periodicity at 20 mK and 150 mK

© Qur results will form the basis of nanostructure devices

viii
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Fig. 1-2-1. A possible metrology triangle for frequency, DC current and DC

voltage.
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AZAX]|F|H relaxation oscillation®] ¥y o] & o]&3}lH standard DC SQUID
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| 2 d SQUID A2l #|2rg2A siA

ZASHYol SQUIDS FHaL0|x vt AA vigutetszt A 2Alole W 7]
e3d AT sAE oo dhenl I FoAME AAEUE HE W vid FFEY
o] $AAHoOoTE QAHCTL

1. Photoresist overhang +% A ¥

Tk 2te] step coveraged F£A517] fdiM= FAEHE B o] positive
slopeE ZtHokgh=tl ol& <¢{¥AM= lift-off BlAIE ALY RXEHR|AET]
overhang F+2& 7Aoo} Ut & APoM= EEHRALES FEEHA
LEA QAo FHE EWH Foo hYdd 5= & FFHA| U4& 7I%F
HBo u3) vf$ “2|A 22 A negative slopeS 7K A Mt Overhang F

+ k¥R, softbaking <&, SEEVAN ©F 2% Y A|zH AR ZHF] ¢
3 gelch o]F kAR FES] Zojor AH o] 23 JUFKoE A+F
Y3H AJFo] HX|A Hr}l fFE|+= overhang Zol+= AWER EFZE A7)2}
7|1RE-EPAZE] Agle] &3] 2T E}Zlo] A E}R-7]REE AT} 7t
extended sourced®|+= overhang Z°|7} Zojo} gt ¥ AHE L HPol=
o] EE FHUAN ¥ HAAE Tz odF Ze Mol Y] wiEd
overhang®| T7& ER+= ¢t} Softbaking =7} WE4E overhang FAH= £
7t8hLt W2 baking 2=+ #AAESL} 7|32t BAH G PRAAAYALAEE 7]
Rt 2 FE UoJLtA sl Tide] SUSLF HZct ulepa] ANH Lo Z siw
B2d2 yieldE #=°]7] ¢I3IA = softhaking 2E5& UF x| USE & Hov}
oATH ¥ 2-2-12 HRAAE-7]3izte] Ry Aijo] ofE 73R sf-bEAdE
Ko 5
W AL LTl 5E&+F e € AlZte] ZoARSSF overhang?] F

Al W Aole FIBIh "WEAlte] UF ZojxH X £E7} polymerization® of

£ Aol
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3. dd

RIE 9 Al o8 ¥l self-aligned WH L2 250 nm SiOz& PECVD o= &
2} sladct. PECVDel &3t &2 isotropic deposition ©]7lufZoll patterno] 343
o] o= 7|ztAto] 2y uff step coverageZt v it FHEH OB &x)3}
+= pinhole ol &3] E& 1 ¥ F2ogE= Hdo] EAHFA] 7] wigel HE
o] XEnAIE o|&3le 2 Fe FAA S AAFCL

4, *{ 3}

Pd ututslo] SiO; 2ol 24Y A9 AEHAE 7M1 $7AL Si0: Yol Pde
A Uma g %etohe) wuje] REHOE WolH Ut 2918 MU £
AA71A 57 vl Pd flolE SOzt FHEA UEF BIsjol Yrh =Y
SQUIDSA %7t ¥ W4] Pde] $AS HhAA Ayte 238 + UES 8

2Tt

5. Nb wiring

400 nm&] Nb wiring layer& %1%t ¥ Nb & AtzhyUx| @ Nb wires ©o|&
3 XM X bondingE& &o|3tA 317] #131A ¢} 5 nm & 2 PdE F 35l

O 2-2-62 A AZAZE EFE Uehis 3ot ¥ 2-2-72 AHFHH
Nb/AIO/Nb H¥el AF-FgIFAdoltt FYY F4E& Liehl+= quality factor
Vm(=IR(2 mV)) Zkel & 70 mV Ye]EA Nb/AIO/Nb H3tolA UEH V,3k
g 5o ol$ 2 UL 7IA=d Y subgap FEBFZE v A S-S Uehdc}
ap2ta] JRAME A 2tghHo| 12t SQUID AA A Zte]l HE¥ 4 &S HUZHA
=3
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(b)

Fig. 2-2-7. Current-voltage curve of a Nb/AlOx/Nb junction at 4.2 K(a) and

ten-fold expansion in the current scale(b).
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1. DROS®2] E2}{d e

7}, S| &HE|B]AlAZE U= SQUIDAIA 8] Relaxation Oscillation

Ld O3 2-3-1(a)&} ¥ FRFHOoF IR Relaxation Oscillation SQUD
(ROS)oll tis)] ¢olr=t™ 7]Z2] DC-SQUIDS ©e] ROSol:= o] 3|AEz
AAE 70, QY El e} A3to s JTAH shunt 2} HdE A=Y 9rc} 1
H 2-3-1(b)x= SQUIDY AF-AY FHOE UAAF (D)= 2FAIEo] )3
F713 ¢l HHE 3 V= JAAUo|rh ROSE F2H2 thE F Ao 23] 4y

=4

Ib”—_.[l(t)"'jz(t) (2_3‘”’1)
v () =222 1 Lo, 2-3-2)

nter SQUIDS ¢AAFHTE 2 (Lb>I(P)) LA diolojA HF7}L 713x] A,
LReztol el AAYRT) 2ow 18 2-3-1(b)ellA] SHALE wetzl 2e 7
& 983} relaxation oscillatione] dojih=d] olF 4 ©WAIZE Lrol A2 &
o\Th.
1) Ael 1 : SQUID: zero A etAtelelsr SQUIDY ZTEL: AH{F L[ 2@
2-3-1(c)%} Zol to AIZEY hil-exp V") 22 A $42 Flstel olu A
Ar r= % A(2-3-2)23¥ Law/Ra ©] HC}

ii) el 2 : SQUIDY| 2= HF7} SQUIDY AAAFA EEstE €20 = L
(@)) SQUID= AMUAte] (V=V)E S8 28 jump3tch
iii) AEl 3 : SQUID= A VElE w3t SQUID| 22+ w7 L2 A4¥

ny

jponnd w
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Fig. 2-3-1. Schematic drawing of relaxation oscillation SQUID(a), current-
voltage curve of a hysteretic dc SQUID(b) and time evolution of

relaxation oscillation{(c).
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FHRoZ A A()Z FE shunt 32 2= HAF L F7H3d

iv) AH 4 : L1°] 09 717 R SQUIDE 0A YA E jumpdtz oA & &7}
St A DE HEolztth o] AYHE Ft SQUIDE 0XFFHS FAY
FEHE WEsty I d3 I¥ 2-3-1(0)% S dY HAE @AY, ol ¥
o} F3= shunt 329 AT La/Re, I, R (D) & 2R, 04t 4
Bl HF2s Al to 9 AAY BEiel BF2es A} v = 44 953 Zol
Fojx

N

Y (2-3-3)

— In (5 =— +1) (2-3-4)

uebA relaxation oscillation T3 f, 9 SQUIDY G| Hels AMRTd A
Vot 44 9433 3o] Fojzh

L T 1 — —
Vo=l V (2-3-6
bttty ¢ )

2] (2-3-3)~(2-3-6)2. 2 % H relaxation T35 FIFAYL I(P) & T3 4
BRI wel fee 4 F A9 &, ROSE AE-Ag ML B9 ol
Ag-T o HELA2E AHRE T UEE BATEH. ROSE As-AY ¥L
A2 AMGE A 2 d8As=E EF 1 mV/0o oldt2A 229 DC-ampz 3
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SHUE HEY BF amp HE°] SQUID &2} vy 27171 5ol M&

TrE Ecth YW ROSY &Y Fut+E HAEY s
582 F3 L5 30 cable® ¥ probeZt ¥R3H 1 GHz Wigle] F3be
g AYger wHHst= 32y odty] wEo V22 AE multichannel A A&
G370l HE HUSHR] g} Aoy FASl= Fuhe-FHY HHEIE 4l
2717 2AEHE e UEANLRZE FAEE = Adod $H3] JAN H A&

B 753t

Lt. DROS?] ‘&2t g

DROSH&= 3|&E|g|r]A7F o= F718 SQUID, &, 4% SQUID¢&t 7|+
SQUID7t AEE AZE gloen UdYE el A3ol 23} shuntElo]
2-3-2(a)). ¢ 2YAHUL JIF SQUID Attollr ZFHich EA sz} sh=
A5 A1Z SQUIDeRY Al 71& SQUIDAlE= 715 SQUIDS L AAF/ZL
(I2)& AAZ tog AdASIA 2AS}7] 2% DC 2po] 7hsiRict ojuf 1.8 3
7l [a(@)8] HXELel A& J|& A4S 23Ut et DC vlolojA A
71 7P| H oA £ ROSY 72 o] relaxation oscillationo] Yoiit=d
+ SQUIDE {AARFIE 22 SQUID7 AULeElE switchingdted & AY¢S
T+ SQUIDY LAAFE Acidql A7lo) mwiel 0 = AL ez "l & Ia
< Iz o8 V =009°]3 Ia > Iz o] V > 0 o] Hc} oeld DROSE F
SQUIDS @AAF vji7] 98 3l Iy = I dul F Aeizte] Hol= mj$

2235y 2 Az} dV/de 7} sy =l

Cl. 71 S ©|&3 DROS

DROS+ + SQUID®E #{F dliarlelm 7]&E SQUIDE 71& A AFIUE ¢
3 WA wizoll &2 37|18 A ARLUE 2= 7€ FULE iy = 2l
th. 2% 2-3-2(b)& 7]& SQUID th4l 71& A¢E AHE3 #A$=2 71& SQUIDE
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(Dsignal
Signal SQUID I 1(Psignar
V ¢
Lsh
Reference SQUID [e2(Prer)
Pref \ / \ /
()
b
(Dsignal
. Ie 1 (@i o) Rsh
Signal SQUID c1Y *¥signal
V ¢
Lsh
Reference junction .o
\/ \/
(b)

Fig. 2-3-2. Schematic drawing of a DROS with a reference SQUID(a)

and a reference junction(b).
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o|-&3l= 7ol vl3) wid4E 2 N €Y 4+ JL2EE multichannel A& oA
elstel ERE 71E SQUIDE AH8¥ 7-Fol sl SQUID ZR47t 1 7} &°1E7]
mi=ell SQUID loopell &7 2l&o] trappingd HE%E 3o 3T}

3% 2-3-3(a)= J|&EIBAAE Zie 41ZE SQUIDEY =& W3] ulE YAA
T4 BRIJIULE [(0) Limx & Limn AOlE F713 22 eI A7|A
7€ AL 2F UAAAFTIES AlF SQUIDS screening parameter B (
Lsqumleama’ @0)oll &3] A3zt 4A1ZF SQUIDE] A HFgre] HRERFO
lma/(1+ B) 22 Fox[7] wiwe] 7|EHYY LYARFUS lamaxd {lamax -
L1max/(1+ 8)} Alojol] glojof ¥ttt 28] 2-3-3(a)ellA 2717t thE 7 71x18] 7|&
VARTFI Loa, lopdl i) 7Hs¥t ARG-H ¢ F4UE =AFH R B Ho| O¥
2-3-3(b)elr}.

2. DROS?S] dA W A2}

A2 SQUIDE Jyo] sladHe|AAE 71X A goll= 7]&E4 Ketchen-type
DC-SQUIDSt &1 72§ 3ta ot 244 H3L stray inductanced ol
7] #13] SQUID hole ¢t&ef o3 2717} 4 pm x 4 pm & 3|AHEZ|AAE 7}
Z]= Nb/AIO/Nb 3L E Fojglrh SQUID washer hole?] 37]+= 38 gm o|H
loop YL+ 60 pH olth U¥EIUE HF 4 um o]l 2 Hee 5030l
NHPIAYL JYglLE= 015 ¢t HE AAE AT Feedback Y& SQUID loop £
ol 338 ZY=E xof AUrt

Shunt 3] 22] A3 Pd Yuto g Eof glon ¢dYEE Nb U4t o 8 parasitic
capacitance® <°]7] ¢33l ¥A# multiturn TR E 3132 932, ¥YH A= 35 nH
E dASACE 53] shunt H{2E SQUIDO| th3l i oz ujxA|F|EEH
SQUID#£}2] magnetic couplingg ¢J AT},

7I1E A ANE 23 26, 28 4m’ B AAEAEH AF SQUIDY AMEH A
el AN A7|7) 32 um’ )BE J|EHYL 41F SQUIDS Ao dAAFILY
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0 1 2 3
Flux ((Do)
(a)
VC
v Ieo =lga A
°T
VC
V
) Ie2=lc2 B
.__I_____I. - _I__.’
0 1 2 3
Flux (Pp)
(b)

Fig. 2-3-3. Critical current modulation of a hysteretic signal SQUID(a)
and possible flux-voltage curve for two different values of

reference critical currents I2a and leos.
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72, 81, 88 %ol Z}2t &g st waElr A3 SQUIDY screening parameterdl] ul
et HAHZ 27 J7IE HEE ALY 5 AEE FAh

AM= 7HdE AT LS o] &3t AAHov] DROSS +&& a9 2-3-
I} 2o},

3. DROSe| 54

AZE SQUIDS SA4E& Weoez d 2dx AAUAAN &ASAY. 29 2-3-5
A A dF-AY Fdoltk DROSHAAM = &EAYE 7IEHE 4DdM &
ASREZ AF-AG THANN AGAYE 71EHTe YAREI AF SQUID
Bleo]3 o] A& SQUIDY 7HalAl& x40l n@o Y o
FHEo] MU =HE M3} normal AH A o] BF
50 2 Welg A7) Wfo] MF= shunt 32F 524 9. wety AF-AG
FA A AYJAE L] 7€ 7]+ ¥R shunt A& 3te] €}t A|Zd DROSS shunt
AU S 4 Q22 shunt 3|22 AR ¢F 87 ns7t AP relaxation T3
T 110 MHz 4i&|7} |
19 2-3-6(a) 9 (b)) A7|7F 42z AZ SQUIDY 72 %9F 81 %9 s dst=
F7HA 71E AEo oA ool AF{E Ll A S AE-AAG FAo
U Aq7|A A4S feedback coil€ F38 7t ZiE AEY 2717 4% 0 A
A il Fo] Adyoez YHWoRg & 4 Utk SQUID &AL
SQUIDY| 7}sli R = zp&edl dis A9 step @ HE W3t A5 & + Uk
WME JE A7) D stepd] 71€7]E bias AFE 2AY § Qo steps F3b
FZAAA FHd 71717 A7)=d BE 5 mV/0e] AE-HQ ABAFI dojA
t} ol #A AH&H 3 9lE standard de SQUIDC ®l& <F 1008} = & kol
t}. SQUID loop® feedback coil A% Qg€ A+ 128 pHE FSAHUC. 3
SQUID loop# & ZdHe AF <ddeAays 21 nHE SAHHJ=H o] &3
gr 3.0 nHe} ¥ 3 coupling Al 0732 v 3 2E4d| o] SQUID holed]
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3717} SQUIDY &34 9l Y 39 72 ol v]3] 2fopA xpKo] I3}
°oF YA X317 "iolrt

Fig.2-3-5. Current-voltage curve of a DROS.
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e s o

-

e

Voltage (20 uV/div)

Fig. 2-3-6. Flux-voltage modulation curves for two different reference junction

sizes © 72 %(a) and 81 %(b), respectivrly, of signal SQUID.
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A 4 A DROS 3-channel system insert 2|2}

1. XA X bonding

7}. Nb wire annealing

Nb wiree ZIAFLZ ofF ehstr] wiFol &3t bonding °©] 7Hedl=
wireE annealingdted B=# A slojol ¥t &4 Nb wire £HQ] Formvar 3
Aoe JAULE ot oF 50 % We FibE AR 77 A0l oF 10
wol &85 =4 Rl HA wirer 254 WSS HEE A 8JAYE + &
cl.

Wire § & chamberdol 'V'x} Refo 2 Hx|3l5 Fo 71-2-(0.2 g WHel)
FAE "ot wire7t ®x| UEF Ptk Hrl2 wireZt molAU HEA AEFK
Foyirt 1x10° mbar W)Y AF=oM AF{F AF o 04 AS 58 FE &
HA| outgassing?ch FFF 1 F53] ¢ BHY thF AFIRE EH 20 &
=] 05 Aol =R A gtc) ojof wired] 2%+ cf=F 2200 °Col|t}. Annealing
=50l wire?] A& 3te] H37| wiFol] AFUES A 2P of slH 05 AdlA 5&
¢t annealingdtll AFF F3| Tl WireZl $€3] AHZ F AHEsh=d]
annealing ¥ ¢F 2 $£Yo]| Z3IH bondinge| A& E7hs317] ool 713 »
e|] AR&3fop RITh 50 #m 278 Nb wire M35t 42 1 mY 86 2 o|r}
05 A E% S = & 5 v F71317] migel Aol I8t current sourced Al

§3lof Riri,

L}. Bonding

ZAE bondingS X3 wedge bonder(Kulicke & Soffar}, Model 4123)& o]
{3tsch Hole 2| & 50 #me wedged A1E3t  wedgeol 7h¥ix|= FA(EE

force)& 0 g ol LeE AA 332, 2SI 282 08-10 W, A7k 70-100 ms
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¥ 2)o) A bonding©] 7F53%ttt. 2% annealing® wire?] € % 10cm 3= F
13 7td 52 &<} bonding®] ©l¥t}l Bondingo] HW PdeE HUo]l S H Nb
input coil padol4] Nb screw7lA] FE3 Zo]lE JolU wireE FHEY W
bonding® 4 3e] 7HAA @EEE LFd AP GE varnishZ PCBY
wire® 1A 28 2-4-1(a)F bonding¥ wireE A AAIZ FEY Hu|7d A}
Aol 29 2-4-1(b)= VAL wel depth profile2 & Holty, IO Z2XRH =
&3} bondingAl el & 7 pm 7R ZIAAH ¥Hel doion, wireg 7|VE
2 AARSY Nb wire-Nbtaizie] Zgo] Si 7|#E do] & W7 FE3 4
38 o 4 vl 9 Nb wireZ} bonding 9 I FEEE g 7|34t A
¥ Al wire bonding®2™ #4 Z#E& JFT. Bonding® HF<9 dAAFTHE
&A% Ax HAF 50 mAclELRE SRR SAHUAGO mA) BT Bt
FNe F F Ao 50 mAE HEFIAL0S5 uH) - JEIL05 1 HE €
flux transformerol 1.6x10" @¢9] o] 7talA g W z82e AR A2Eot of
2 HEade AAog gastd 2 Gol sideted AR FHdl ge] 05 G W
9] e AzZtst 2ME bondingd] YAAFIUAL v & ULE ¢ 7 U2 &
M 245 HEE YA

2. 3 channel X}&dA H| =

AZ3d, 44 L head® FAHO AE 29 probe= M2 FHHLE Ho
Q7] wWj-Eo] BQR A AMA insert® warming-up Al71A] ¥31%E T probeRtS W
A = Q=2 AASYE MA= PCB3l 29 General Electric varnish® 23}
3, AAE Al wire @ Nb wireE o] 83 %257 bonding 22 %t Nb bonding
wirex= AZ399 Nb wire$} Nb washerE o] &84 dZ 3oy SQUID R ¥4
screws Nb block© 2 7}F¥ module Weoll ¥ o™ 9Fol= Nb tubeZ 2=
x} 3| A 21 T

213 2-4-2% Nb moduleg] #+Z2& JEldth HE32ZdLE 01 mm A% Nb
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Fig.2-4-1. Photograph of bonded site after removal of Nb wire(a) and

depth profiling along the pit hole(b).
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To Electronics
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M “ Socket ey

PCB

10 mm SQUID

Nb washer/screw

Damping circuit

! Axial gradiometer

Fig. 2-4-2. Structure of the Nb module.
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wireE Macor ceramic X|X|thol 2:4:2 H|&E Z+-2 2%} n|¢¥ gradiometer ZA]
baseline 40 mm, ZY¥ AZF2 10 mmo|y ¥ EAE 05 pHoltl HEIUE
FE 3133 3gol SQUIDO AYH R UESF 31793 Feddat A dArlel
of cut-off FIHr7F ¢F 1 MHz! RC A&zt €EJ(100 2, 1.5 nF)E AHAed
ol d4YIA YL parasitic capacitanceol] &%t FHE dampingdhs ¥R JlaL
Ath H8 FFIHEEHRYE SQUIDE I1FIHFo] U= AE U7 ¢35l
head &} insert Ale]ell cut-off 37 1 MHz ¢ RLC(150 2, 25 «#H, 1 nF) 2
2 AF3p WelE FAA|ZATE dFAAAE AA2olA A3 10 2/m{l vlApS
phosphor bronze 41& A}23 o AF 7 el magnetic couplingg 7] $3tq] 12
ofr| ARg-3hrh.

Insert3rth 7| o= pre-amp, integrator, feedback #E27} EX3H head?} 725 o]
o=t pre-ampit= SQUID W 7S XU ¥ F2 dujdLo] &3t 9%
& YR UESF differential modeE 97 3t ch

s deddel A Byt 7S SQUID A YE<= A5 0= theH
Zo] Fo{Zir}.

O .= B,AM;/ (Ly+ L)) (2-4-1)

q71M A ZAE23de A ZE2HA ST gradiometer B¥22] WA A4
& FU ZolH, Mis= SQUIDS ¥R Y LY 42 Jd¥YL, Ligt Lie 424 2
23¢4= d¥3YY adgeLolrh wald A=314 cm®, Mi=2.1 nH, L,=05 zH,
Li=0.15 ¢ HE 9140 HBAF|H By/0= 4 nT/007} Bl & 1 008 A4S
SQUID loopoll A&3}7] ¢3 ZE&ddol 4 nTY At o] J1li#o} jirh o] K
T 082 SQUID Al&®olMe] AdAs 1 nT/Po Whelel viz] 2 ZiUd A&
U] 2PE 2 cm FERE FI/AIIE ALEATE 1 nT/0o2 AHAZH = o
oL} #Ha AIRZEQ deward tail W7ol & 3 cm °]2& 3 channel& ¢&7] ¢
sfM= HEIYe A7 A 1 cmE AU 4 ol Tt A}Fof JfHo] 2
dewar§ F+3tH ALASFI o £ &I A2E 18Y 4 et

¥ matching3 & ¢lo] A A2} dc amp, integrator % feedback ¥ EEE
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+3" FSHEE o|L&3l9 SQUIDE H-wrHuUjelA flux lock loop F3E A%
A2 38 2-4-33 TS AFHST AHMEHE E2ALen white Yol 9 p Oy
VvHz J&lE SFEAcCE DROS & £ A3UE doll T dAAFIUY B3
Ad] UAAMFE H|L3t= sampling FI, & relaxation oscillation FIMFE F
Mo s A &Y 4 Ui et SQUIDS 2p&zEol 9 x 0o
Hz duf HEdddMe FEARSS 36 T// Hz 7} "l a8V AAE 2
E3YS AR U FVolA AR B FHHLRE ELUY AXo] He
HET AN AAR S olhrt i § ZAoE FZHTE oM dF3 viet #
of wHAIFYAEE HEIdY AEWHE F7IA7IE JIHE 4 ATt

N

10°
107
u{:""\
= i
S
=.
p
Q
L2
o
-
b
=
-

10 10° 10° 10°

Frequency (Hz)

Fig.2-4-3. Flux noise spectrum of DROS in FLL.
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Al 5 A SQUID controller A A & A3}

1. SQUID readout A& ¥

272 2% W] wE SQUID AEE FF3st7] #l3td SQUID signal

control system (SQUID controller)E AA-A2istoict. SQUID controller—
SQUIDA 44 HA BEEL 22 AFsE AV7IES o &5 A7) Ao tfit
SQUIDS] 4WhgE& S337] wide ol ¢4BEH F48&
SQUIDAA wABsh= HAYES FAY uf SQUID HMe FAdol & n[x|x] ¢
=5 2F =2 3|7 &F 2 nV/V Hz o3& 3 $5F7|7F HRsirh Oz|3
SQUID A2 2fF zl5e] WHEjol tfsdto] HMRE = A3 (swing A Y)E LIER
2% Flux Locked Loop (FLL)S A 2§ &Ko) 3] AP 89 5H& %
5 ¥t A 2E controllers= probe % SQUID head®t ZAISHHE 7]&2] DC
SQUID2t DROS SQUID&E &4 Al8¥H + UESF sHath

3% 2-5-104 standard SQUIDE ©|-&3t & ¥HE SH37] AT A
Hel it & Ho|i et} SQUIDS} matching 27} probe insertol] F2E| o]
cryostat 4ol 9] X|3}H probe headd]+:= matching HE2EEF Al AIZEF FSA |7
1 RJIZ7IE/ ZRAXE, U2V, HRIR, JALFFHT], 2 2 FFH7], fHEEV|E
+’3"Hctt Probe headE x|\ A& = control boxE A ZElo] HFZ7]|8) =HHUYE=E
& AA tiA] SQUIDA 21x|% =HY IdE AAHCE ¢ control boxe &9
A1 2+ interface card®} A/D cardell 4= o] HAFE A A 271 X 2|Hct

1% 2-5-2¢0l= DROS SQUIDE ©] &3t 2% wH3E §3517] I AAHA
e E Holil glth SQUID:= matching #8E¢©] probe insert of F2lx|of
cryostat ¢toll ¢|2]3}H probe headoll= U71AF XA E, IHSFH7], 2 2 T5
7], offset XE7|E2 F/dHrl. Probe head& X 413 = DC SQUID2} & ®b4
© 2 control boxZ ¥ZEFE o] 278} HAYUAES AA thr] SQUIDo| £]x| 3t
e 3d2 JdZAHCE M control boxe €% 413 = interface card®t A/D
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Fig. 2-5-1. Block diagram of standard DC SQUID controller.
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Fig. 2-5-2. Block diagram of DROS SQUID controller.



cardd QZAEHo| HFEAA AZ7F AeH A control boxe] ¥ BNCE 3
o et DROS SQUID controller= 538 SQUID controller 2.t} 7tg3t 3
28 JIAA HB2 A7) Al&E& multichannel systemE FAE ZA$-d= of
§- 412 sttt

+ AdAM = SQUID controller®] T8 H#<% head®t control box® oA
3|2 o] FAZ WA ALH e & o 7= T

2. Probe head

Zt. DC SQUID head

C SQUID A% & §A37] #3td ¥RE /I wdd 23HIEE o]&3S
ANZE AEstH 1Y 2-5-394 head ¢t 3| 2F Hola Ut

L7 30 - 80 kHze 78 37F 233 o] A3 e A" ¥z AFgde
Z ¥y EH QAAF 2HIZE Fst9 SQUIDY FHRULZE QA7MEY. A7HA
F+ control box8 XA7|E AA HE ¢ A4

SQUID =¥ 413+ matching 3|2& AA AGFZ7|dA FFHFHI, o] A3 =
2 2 FFHI|E 0|88t YR YRS AI2 ZHEH. AEF
doll ol& SQUID Al2de) 5o 24E 5 eBR HEFOE v ¥eS
e ASE AdE a7 9o A7|dlA = matching 3|28 o| &332 & Y
AAE Z= FET(Field Effect Transistor)& & dFF7|E AHFAUTG. 19
2-5-3 A HAGFE7]Y AGYFSL 50 kHzdlAM 2 nV/V Hz ol AFHIS 7

|

.

=
=

FEZE A3ZE FuzrdA dfe JAFE A vbdto] SQUIDY Q17HE &
At4ro] WMt WE AIE HEUG. olwe dos= HYY FRE ARAA FL
2 Uty or oFo & didld HtEd 43 F swing AYeE HEdH.
Uz 71E T34 A FE control boxE HEEHo REEH AIZTE 4F &9 ©
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N \NN—T NNV NV—TANNV\~O 1o ® CURRENT CTL

100 ly Tu
” SR AVAVAY: AD708/2 \V4 V
200k 200k ) 744069 744069 0<_ 744069
10k
CURRENT BIAS 100k
> 1 n
100 100 1k 100k 4 < | VVN—
AN AAA—OHE V. —AAA, AAA— - e e
—= 100 \V 1.2V 50k
V _ 5 : 7144069 N/ Q;’ ;,:
= 100p
é V
100k 2k
0y 25K117 S 2 W Ik Ra
A VAVAY NVN—
o] ‘E‘l: e % { o 0.1u
| O | s \/
NPT T N 10K Lol ]
| P
L
1004 VVVN A - SN ® AD708/2
10M 2 k>2 k N AD708/2 +
+
2@
O 10k O
O V' — AN\ output
o Sr“ @ m Test input 0k
; o @45V ® cr”{g “NVVNAO +15V
® @ G 10k
O NN\ AD708/2 & CURRENT CTL
FEEDBACK 40k _ © FEEDBACK —VVv o
CURRENT D /ot 10k -
% +15
@ OUTPUT

Fig. 2-5-3. Simplified circuit of standard type SQUID head circuit.



3lof wiel MY HH ZLE E7) #13l HYUIZE T3]
Controller= 4 788} SQUID ¥ &S EAlo Ae|sleF slaieZ 4 718 head
7} HR31A HTL

L}. DROS SQUID head

DROS SQUID2] A3 & ZA&317] ¢3t de A/Y} SQUID AYES 3
4 Q= ATZEI|7} WL % 2-5-444 o]E £13F ZIti3) I e E Ho|n

ARAVBFEE 2 €9 QudLE 7R EF FETY OP ampE °| &% =
REZE A%t 53 £Lzpe] A3 Mol thste] AR HEI} HAEE

m
=
& dtgd e, QIZ}AF{F+= control boxe] RAJE HA XA AHFE RAY

HotZE7]= A 18 OP 27 & 2%t Common-Mode Instrumentation
Amplifier§ #7885t UFH AHUE SIZY 4+ JA stden AYREFS DC -
1 kHz Atolofd o} 5 nV// HzE UEh AdFH7] W FHIE AM AZ&
e} 1000 wie] FFHEES 7 FFHIIE Bt WAEE offsetE Qlok7] ¢33t
offset XA7|E AT} Offset A7 S F38 A3+ control boxE AEE]
of XMEH A3 E & FRAI5e] Wit wiel AP US 7] fI8t HYUZE
g +3%ch

Controller= 4 701&] SQUID A& & FAlo] AHe|sleHF st e2=g 4 718 head
7} HR3tA Hrt

e

ox

T}. Head box
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Control S0 D

OPA104

100k
NV
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M
V
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100k

470)

0P27

122
@)
To Control box

Fig. 2-5-4. Simplified circuit of DROS type SQUID head circuit.
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SQUID €343 71 g =25+ AZE #AZstadct. I8 2-5-5 oA A Z
¥ head box& Z7|E Holi o Ti¢l= mmeolt). Heade probedl 33 #
A QS Jlgor LR3I 3¢ thE head?t A MY 4 AEF 3lach
Head ¢toll $1x|%t PCB 718t2] z} 37 whxl= O3 2-5-60ll4 Hojil glom 9
Ho] ddZAYE ¢ 2-5-7oA Rolx gt £3 10 pin Z¥E = SQUID 4%
Ael o o|&ED F Jie 4 pin AYEH F ¢ FE2 [-V 53 E&, otelie Al
P& AS U #3 AR LdEIAE & 5

3. Control box

HEPst= 2F xp&Gol tiste] SQUIDOA U3l AYE SH37] 2131
FLLE ©l &% HYUIEE HA A¥HE 283& €& 4 AUrl Control boxe
SQUID €343 & HMP 317 4 HYQHE, €9 AUE 23] 21 &9
Z37], AFE dZE Y dEHolL HEYR, Ozla 7 Feof dayt AL
= 3857 #l3 AYFE F4HETL

7}, &9 U F] 2 (Feedback circuit)

Head oA ZH&H A3 = 252 Aol tidle] R1EH SQUID A3 & LER
7] disgoll iG] WHELE A™YSIA 7] oHFERE AZIIE HA dFY 5%
A&t 22 4714 2SS HYY ZYE tir] SQUIDO| 1713te] =pof thit
Aol M3yl M3 8 3= FLLE FA4%3ch 38 2-5-804 HEJ& X
¥ YA HEE FY38 FLLE o F7] $I% AL ¥2F Holx gt}

Ll 29 X2E7|

Swing A% FHA| FFHI7E o| &3l AIZ & HestH FLL el s 3L
718 AHE&3l] YU R E L3I o] WY &8 FHIIE o83t HYY
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Fig. 2-5-5. Drawing of head box.



(DBias I cntt DO Bias current (D@1 (DBias Io cntl
- Feedback el B+s v
M g NEE - Ground 3 (3)Ground
o 000 1 Feedback o! (4 eedback
Bias current o ™ p-4 NG
o oL Current P4
Feecback ' o ob ! o -{-18 \/
o NC
Ground @0 @Q ) 0
Voltage + Ground By-12 v
Voltage - voltage + Soutput
000 Voltage -
E AONC
‘m ﬂGround

HEAD CIRCUIT PCB q HEAD CIRCUIT PCB q

Q) (k>

Fig. 2-5-6. PCB connection for SQUID signal control in head box.
(a)Standard type head PCB, (b) DROS type head PCB.

Fig. 2-5-7. Head connection for SQUID control.
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10k 1.5k v 1k }
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| , (
OARA——ARA— : -
© | ot
A~0.01y —~001u : ] (\’
From n L.
HEAD V @ PV
e J OPQ7
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| \
Tk 1k ' Tk 1
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—N/\V\N—O @3  SAVAVAVE @1 Y,
&) O— 0P07 | AAA—O EXt 0P07 | LAAA~OEXT
To HEAD +g
Feedback v,

100k

—OVVVE-

V

C"‘D*OOUA F353/2 )
10k

N mdVAVAY NN—
100k r_________.SZ____I
10k | 150k 150k |
‘ iR T 1 OP07 g
—\\V\-O C O +
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B > O A< FILTER
OP07 M 1RC 400 "
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Fig. 2-5-8. Feedback loop circuit for FLL(Flux Locked Loop).



3A7|1E ZXFE3ld BNC &= Al7|E o| &3t £YAZE Aelgict 3 E7]

A2 A 4 718 HAE &5 AYY 4+ 9Jon MHMel2 control box AW £

box VWS Kol Q=0 HF FFo] 2¥d& FAY + o+ dc AFA, 2EF
< SQUID control £&$1x]jo] 2z} 2l de] w}E Q7FEF U locked-in 2A7] §9J
olth ol&8] HAH Axl= 4 7He] SQUID £¥A5 5 X302 Ausie] FA]
of 4 7§2} SQUID7} B33t =& 3talct

HHUIEE FAR] ¢4& wf & FLL A712] 4 A Foles & xpfof of
3t SQUID AlZ&= vHEH swing S LEhn olgjdt 4A1F = A control
box We] $5F7| W AIplE F33led BNCE B3t &€l @ ozt
swing 29 413+ box AW F2H AZIE T3l AL FEAIFZR] ¢edl AA
& &9 Al7|7} de ’+& FEA|37] wFolch

FLL “geliolAd &8 &H-2j5o] d|2st AFE7]8] §8C=% LEhr o] of
ol 242 A3y] & B3t BNC Ee AJZIE &3t FEAELU 43¢ FI1&
712 ZGol iyt &8 412 de €¥ThE FAISe AVldle UEeEhUA] ¢ted
ol2|¥t WIIt= AT = SYTURE QAMEBEAIF I AZASAL HFEE 0] L3}

o 2 H3tE & 5 Atk

Ch. UEEolL B

SQUID €343 & &F AT dZAsIAU 2YA3ITE 37 2l 2913
S XS] 23t &84 Z e} t]A Y 281X E A/D card§ °o| &3l FHFE
ZFBIAL AT F Ae|5t7] fI%t EHolA HEE FA3tATL
O3 2-5-1004 &38413 ZHE T t|AY 29 HEE RHolx Qr)
TEE ©o|&3ld A/D card®] t]A|® AZE HA FHL7], TFHE A1 5o &
JAIE ZFY + UEF 31¢en 4 718 SQUID A2 E ¢&xl3 o g = A

Rnd
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Fig. 2-5-9. Control panel of SQUID control box.




Chanel selecter

SWa

Integrator
LED control

SWa Gain
control

LED

Filter
control

integrator
Filter
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Fig. 2-5-10. Digital switching circuit for computer interface.

(a) Digital switch control,(b) channel selector control.
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Hog A3 E ZAY 5 AUAEE Y £ ot 4 7§ SQUID 234AIE &%
5}t7] ¢18ted 100 kHz sampling $%2& Z+= A/D YAIE o] &3l ¢alier 4l
3E &A% AFEHZE Vepd = oA stch ey 4 B8 A2 E real time
o2 ZA517] f3lA = 16 bit o]43e] whE A/D card ¥ €37]71 Ha3ict

4. SQUID controller &%

7}. Swing Y &3

QIZ} MFLe Avlol uletr HE7] wiFo] 2
-VE ZA3le A3t A{E MUY 4 o) A ARUS &+ U BF
ARUE 0 24y AAF] o 7bEA SQUIDE €8& AR

a7 2-5-112 HHYIYE B3t SQUID 7islE Ab&of & SQUID &
2 33 Roln gloem AFo] upE SQUIDY swing A4S 7l Holil 3l
ch durde g FLLE& F2AZ Z% MR 82 ZEE 71A17] £l swing A
Qto] 7} & MRS Ayt

v}, FLL (Flux Locked Loop)

A3 Aeje] AFE A7t HYY Y& oty BRE ZE2H 3h swing
Aele] FUHEo| $x|3lEE control box AWE] locked~in CTlo|dE ZA T}
locked-in B& Z=th Locked-in 2AJE &3 FAAEGUE F43IT T #
& AHYL Holn o]RAL SQUIDY swing A& Ve &S Eola d+=
Zolth. Locked-in ATelollM HE719} HYUX =2 E F2AMA FLL FEis +A
C}. Control box AR offset ZH7|E o] &8l YRIRNE o]4ge] 2i5& SQUID
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of A7t Z-¢ &YYol AFHoE Wl FFHr) wd MAFFo g Yehl
A o4& 7% FLLE et 52| 4 A& viehdch

FLL “JefollMe] 53 548 dolir] #3td HYY ZYE o83l sine 1}
3ol S-S U7t ¥ 5 glon HAlof] sine T 27 U FIui+E W3
XA slew rategs 3 & 4 2t}

2§ Ydoti7] ¢9I3te] FLL AelollA offset RA7IE o|-&3td ARGE WA
A o] We] &¥& FHASIY AlGo] iyt SQUIDY ZHEE F3Urh SQUIDS
HEE SF37] f15td SQUIDY pick-up ZUE ©HHA|F|ALE open AXF &
d thz}lE spectrum analyzerol] QA ZAMY 4+ ot

Flux

Fig. 2-5-11. Swing voltage patterns to external magnetic field with wvarious

bias currents.
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DROS®| ZR}&FF&Z  relaxation FIh2] AF2o] HH]E37]  oiEol
relaxation FIF F7HAFIHA flux noisex Z4A¥T oielrd SQUIDY US54
& W37l ¢85t relaxation oscillation FIFHFE 1 GHzE 0|3, axial
gradiometers #|%F WA ERF ol 2} AEIYLE SQUIDLL T2 7|3tto] 3 AdA]
7! integrated SQUID magnetometer X! planar gradiometer® X3UH A2 X E
nfA3E AdA - & 3sEict

7}. Integrated magnetometer Ad A

2% SQUID= F708] SQUID loop®] parallel S 2¥ gradiometer type J+RXE
T @R A7 HFoles WhE3A| UEF Fojorh #F2] SQUID loopd] hole 37
50 #xm x 50 ¢me|EBXE loop dHEYHAE= 80 pHeoltl AH¥olA 3'F holeZ}A]
¢l ZAol= 125 pmolB 2 &8lof 23 YA 50 pHE X3l 1% SQUID
loope] AA] AHE AL 130 pHolth uwlels BAJZAH F SQUID loopd] A
Y8l A= 65 pH 7} ®t}l SQUIDS washer resonanceS ¢lol7] 3] 6 2 A3}
+7/1& SQUID gtol ARSI 2AE FYY A7 =4 ¢m x 4 xmo)
Tl 7123 A= 5 s4m x 5 xm A4 ol A3 SQUIDY Xt AAAESE
tel 78 %ol i3ttt

UY ZYY HAEZ 4 pmol ZALH4E 2 x 10 turnelt} wielA dYsAE
26 nHelm SQUID2te] J2 Y LE coupling A& 098t Yuf 2.3 nHE A
AtEct 83U parasitic capacitanceo] &%t ZF21-E& damping3tZ] 3] 10 Q2
-90 pF2 ¥ RC 32 & Ydadel ¥2s1dch® Feedback coil 1 turn®] I Y
o] SQUID loop #|&el B dEe] st HEIZ LY AFS 20 ymoly A7 29

rlr
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Rsh

VC

Lsh
102 >

Fig. 2-6-1. Schematic drawing of the DROS magnetometer. Rq @ resistor to
damp the resonance between L and SQUID capacitance,
Rw : resistor to damp the resonance in the SQUID washer,

Rx,Cx : damping circuit to damp the resonance in the input coil.
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Pickup coil : 3 mm X 5 mm

APEF resistors

Sl

o

b

o e

Damping circuit : R, C,

Resolution marks

Fig. 2-6-2. Design layout of the DROS magnetometer.
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mm x 508 mmd dEAE= ¢ 176 nH & AAlHch wlelx AE8I3d 232
SQUID A}<2te] HB A= 26 nT/ 007} HTL

Relaxation 2+ A3 15 @2, Jd¥9€HA 1 nHE AHAEZCER relaxation
oscillation F¥h+= ¢F 1 GHzU#]7l Aot 53] dYE= YR %= ¢
2] QUEHF serial gradiometerBENE Eo] 2lt} Relaxation 22| AYE
SQUID®] capacitanceol &3t FX& glof7] i3l 4% SQUID-7IE3HY °J“‘ of|
50 2 damping A%< T2t}

L}, Planar gradiometer A A

A21%& SQUIDE= F718] SQUID loopel parallel 923 gradiometer type 2%
YUY 273l wh-g3tA] A=F Holdlrh ¥FHe SQUID loop# holed 7]
= 100 #m x 100 #mo|2E loop Y AE 160 pHolth HyolA 3 hole7}
218l Zole 190 ume|BE &3lo ¥ YA 76 pHE ERSI ¥H
SQUID loopd] AN €Y A= 236 pHolt} ulglry HEAAH F+ SQUID loop
o] AN Jd¥®lAE= 118 pH 7} Hch SQUIDE washer resonanced ¢lol7] %) 3K
6 2 A% TS SQUID ¥thel HY dzstgch 2de e A7 4 um
x 4 pumoltt 7| AV =5 pm x 5 pm Y ol&= 4AlZ SQUIDE 2|
UAHFULL 78 %o 3liFRict

UFIAYY AFLE 4 pmojy LS + 2 x 17 turno]t}. ThelM YR LE
136 nHelm SQUID&e] Z3UAYdLE coupling A= 092152 ¥uff 7.2 nHE
ALt d&@IFUL] parasitic capacitanceoll &%t F2RE damping3d}Z] #13% 10
Q2-150 pFE ¥ RC HEE dd3go]] ¥23t9ct Feedback coild 1 tun® 3
do] SQUID loop &Holl A=l ol Z&3dY AFE 20 pmel Z7] 10

x 10 mmg F7018 IFdo] V2 BYLE serial FZAEo] Qo FUZE A
2hgolle= BhE3lR] URE MHAE ot AEIYeY dH¥LAE 4 110 nH =
AlAtsich A&7 do] Fd3 2|F2Sol ch3fA{vt gradiometerZ|s& 3tal T
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- 40 mm >

Damping circuit (R, Cy l !

Pickup coil

To pickup coil
A

Junctions

\ gimm /.
1

I“f’am rlll

Washer damping resistor : R

_r-Ei:iﬁi:"- Siglla_l SQ[_HD lmp
Feedback coil
Damping resistor : R j Reference junction
Shunt circuit (e Ml
Resistor : R,
II
Inductor : L, RS

(b)

Fig. 2-6-3. Schematic overview of the DROS planar gradiometer(a) and
close—up view of the SQUID loop(b).
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To axial gradiometer

juim|

E==

Fig. 2-6-4. Schematic overview of the DROS sensor for axial gradiometer.




AZT o] M= Fel ZYF proximal coilBto] BESRICID ol ASIY =}
A2} SQUID =bzte] w#ASE 07 nT/007 ®th EZ o] k& baseline(=3
cm)2E VA 21371 & 7o ot HB A= 023 nT/ 0o - cm7t Hel
Relaxation F 2+ A3 15 2, dYEHA 1 nHE MAAELL2R relaxation
oscillation F¥t4+= ¢&F 1 GHzuW &7} Hcl Relaxation ¥ E2] ¢lYE el SQUIDY
capacitanceoll &%t FILZ ¢lof7]l ¢ 41X SQUID-7IEHY <ol 50 2

damping %<& 23St

t}. Axial gradiometer SQUID

Z&e3de] Nb wire® ¥ axial gradiometer ¥+ magnetometerS AHEYH
NEF A%t en SQUID chipidl ¢¥3Y padell XAE bondingS ¥ 4
Q=T Holol=A olfol= AAMAHA MA parameteri= planar gradiometer?}t &
U3l JA I YL FHE damping3dt’] ¢3¢ RC 23 10 Q - 90 pFE =
Tl 38 2-6-4 AA 2] AN F2&F RAEL}

2. Az U YA

A H2ZAEFAS 23] 3171 93] 4 level processE ©)-£3tn 25 5 A9
EENAIE AFEIIAECE 3 x| Si Hlo]H o) 5 78] planar gradiometer, 6 7
2] magnetometer X 6 7§¢] axial gradiometer €& MA|7} FAJo) A ZRHC] 1 2}
MEE AAe] F8& AR 23, A 4A ARdxr dAIGREC 2 8 BAE
A3 Pd M3k ¢ 0.3 viE A AE gt 28 2-6-5= magnetometerd HRXEH
& BoAFE Aol (a)e AZ SQUIDY €A AR/IEY HRIAMAY €Wz
ANHFZ o) UA AR & 30 % 2A, o|2FE AX SQUIDE B& A3l
A 2 W7t " mietM 71E 9 ARUE HREY FdA HE F, F, Limim
of Zizto] fIX|BHAl 31 12 Az} AY-ASG FAALE 13 2-6-5(b)ot Ho] HUA



o] Fo] 0 MYAEY FHY AdiZo=s HojxA dY.

DROS magnetometerE 3749 doz d HFEUYd A FLL 532 Al AH
SQUIDAEFHEE 100 HzolAM 76 u @V HzE SAHHUI olF HEZLAAY
Ao s #gAksis 20 fT// HzzF 8o 2384 S38 5 S¥ERY = 60
HzE X3 AARASTE X950 Jed ol 7o E4dd Aoy,
SQUID =}A o] ASEAL olig $£& ez dddy. =3 YREE AL A

FLL AHE $4Xges dAE FAEAH S Holuzyy % 3

£33 MM S controller7t M Z Q) FHE A=A AEHE FAlA AR
. 1% 2-6-6(a)c AME 2 cm 2o T AEHAI e HAPEFE dewardl
M 2 2 m EBoH YAAAM screw driverE S o|AA EFA3F controller & ¥ ©]
o 7 AXMZE A FHRo] RAZTY RS ASFE ¢ g AN THEH A8
differential preamp(Ithaco 1201)& ©°]-&3tq F71¢] SQUID controller €%& A
2 5= A9 ‘electronic gradiometer & JAAT At ¥ 2-6-6(b)oltt. %t
oz vuwd 7Fd3 AYH AL A3 il electronic gradiometer= 2z F &
32 &S YeErAdT. Imbalanced] 719 sl= 8922 += F controller®] feedback
o] zkel A A Az FIHEH Aol Fo] d=d differential preamp®] gain
& A ZAI}EZM balanceE MAT F AL Roz AzEn” Fgzyoezw
F3Yo] SQUIDg %<& 7|a9d AAE planar 2] DROS A=A 7F
electronic gradiometer X EFER ZALE ©o|-& 3t active shieldings 3 A5 A
2 AMEE g A5 5.

3tH planar gradiometer$} axial gradiometer& AA 9] Z-$-d+ SQUID loopé
) H ¥l A7} magnetometer 8.t #HAA A& SQUIDS B7F 4 WelE SAHAL, 7]
= Agd oA z & 213 SQUIDY dA HF Hx=He wHotaf)d HAaA
DROS7F oA AF vii~r] 7)5& stA X3t 2 23 A&5-AY Fs €&
T AU ol Ao 2AlE HPY AFEEE A 1 A AZd ke o=
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Critical current I, ((P) (pA)

O 50 100 150
Field current (nA)

(a)

Voltage (20 uV/div)

(b)

Fig. 2-6-5. Critical current modulation of the signal SQUID(a)

and flux—-voltage curve(b).
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Channel A

Channel B

Channel B

Fig. 2-6-6. Controller outputs of two seperate magnetometer(a) and

electronically balanced output(b)
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A7H H S

DROS+t =}<&-2 ¢t WA 47} standard dc SQUID off uj3f ¢ 1000 =
A3 AEHEZRE 1A 7] W&ol slew rate7} &t} wieta] zp7j3pgo] A AL
T A W\l AIEZR] ¢S FolA AP AR ARSI E vl Felditl &
dFolM= 71E H¥E o83 DROSE °o]-8&3td BT 5 mV/Po Wi]e] o &
A44-HYg HBALE Erl. 53] DROSE= APFE 0|83t SQUIDU series-
array SQUID&H= ©2] SQUID §A4RANE B3I APFIEE A% ot 3=
AZEZE ¢35 7iciE-& A 2tzpgo] W ¢ich

e eyt 1532 F o] R3le SQUIDY AREGAEES A A 9 p oo/
Hz®] & €932 FEAFISS 36 T/V Hz & Al &3¢9 HEd
g F7MA7IH R 4 Qlch

SQUID®8] #Z5AE /W3t compact¥t multichannelA] A¥-E 3 B3 Y
o] SQUID&} & 7|ztate]l AA3E magnetometer X gradiometerg 4 A3t31
U X} A 23T},
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A 3 % By A2

A 13 A= 523

UF oM Az} shtgE H&sle A2 22 o8 do] ot} x|t &3

LjollAl= Ax} ZHe] Aelrt AAEe] Xl EA Q] wavelengthel B|3l7] wiTo
2} MR8 5 ZXA-37|71 &oldtx]|7} ¢l a3} 23 A2 FlolA BY
o] 37|17} submicron FESH Axe Y F2HE S 2ABYE = Q= oA

Z} B1d® (Single Electron Tunneling, SET) ¥4te] A8 Hoz |ZgAr} 1)
olgj§t SET A2 7|& el g3 B}

1. Single—-Electron Transfer
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T
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insulator

4

A,C

Fig. 3-1-1. (a) Tunnel junction traversed by a current I(t) which consists of
uncorrelated chage packets corresponding to individual electrons
when a fixed voltage is imposed to the junction. Electrons tunnel
through the thin layer of insulator sandwiched between the metal
electrodes. The junction is represented in circuit schematics by a
double box symbol. (b) The tunnel junction is characterized by the

tunnel resistance R: and capacitance C.
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o= ;eH HMIZe] %2} AF}E} (excess charge)o.F 18 H HIOZE= E|EF
& FBIAM Aol EVIAU UE 4 ALeBR Q-Qo= ALY A, §
Q-Qs = ne oJt}. oluj uro} Hyte] AJIst S ol FAS oUA] E. = e/2C
(C: = C+Co)8 Zhol dollda] ksT Xt} HX Arhd Exv HAYE FAS= A=A
§ 23 4 sl= "7 "

2% 3-1-2(a)ld U = 02 3% E7t €olyA] ksT Hr} AciA H=zpe] ik
2= doyxlRe} gle]l o] 2 E& F=3HA EHEE n = (o] Hch et H
3ol Al A UZF F715HAIEH n = 0 n = 1 state 2t oy x] 27} &
&7 "ch AHd oYz E E = Ec(n-CU/e)’® Fo{Xch J2E U = ¢/2C°]
A, n = 02 n = 1 statees B2 4 dUAE ZARHEERE Axl= ARl Y
& Auchd 4 alch 28y U7t 2C Bt o F713HA =R n = 10] 7H% of
UZ] £217F ¢ el ®Ho, o] el U = ¢/C7t  wf7tr] 2| &Heh U =
e/CsollM= U = 0, n = 02] “Jefollr et 2ol A3LEF Q7 0o Hr} thr] Hal A
Adol e/Cs 2HE F71Y wioicl ZUH AT 22} AR ne] ol 1% F7I5HA

Hch 23 3-1-2(b)E nd I #E UY ¢4=2 vepd agdolch Utz

o] 42 HMY UE 23 224 nd UL YA 23

Y
2
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"Ei'
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o

23 3-1-2b)olM 2t 2 2 AVERE FohE 0 KelA e o4l 3
2 257 g HY AVERS $2A =Ho, kT >> B 2EFdolM & 7

ctRoro]l glojx|a 23 3-1-2(b)e] Azt o] Ut ne] HAE o] Hrk

257 50 mK XA E. >> kT #AE nFA7]7] ¢I8iME C7b 10° F
o|slqo} 3, o|F A 22 LRSS E7] A= Y 27|71 50 nm x 50
nm 3 Eolojo} gttt A7|Lao] 10° F Q A A=} 3zt A 2317 ¢
3 W A 100 um - 1 mVE A AEFoE A8 4 S d9Yoitl
2o I I AL 3717} submicrond] BlARIL] FE YA A
2] Xz} A3le] Coulomb WX wiFo] ARlFo| @FHOE JHYS TR
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Fig. 3-1-2.

C Uk

(a) Junction biased by a voltage source U in series with a
capacitance Cs. The metal electrode between the junction and the
capacitance forms an isolated ’island’ (box in dased line) which

contains n excess electrons. (b) Variation of #, the average of n

as a function of U when kgT << E. (full line) and kgT >> E.
(dashed line).
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B35t AxtEo| packeteZ AYS FRIc olnf AL Fst: AAY &=
Aol ZHol F= Yol &3l AHSIA RAF =Y o|RE Single Electron
Tunnelinge| e} ¥t}

2. Controlled transfer of charges in a circuit

SET®| 7]=del+= SET island (2 E AF)o A A=A} st FA7] oy =]
of &3l 2F-H =gt SETe| 32+ A3 ZFS A2} +&0A 2EEZA]
=Tl AA|E gate voltage Ue AR/ FHIS ZAHUTL thrHE3| A=Y &
g X} shid] RANECHE A2 UE RENECEHN AXE Az FJYPe=
FE AV HFIFo=2 EoJA 3o ozt IR HEAYT F FHA S
3 U7tA ek A, & n = 0¢8] Coulomb blocked statedllA n = 18] Coulomb
blocked state® I&{FOE ZHARICH= A& &ttt gl o|RE shie 2
HE I 2= st Uttt 2 olf& I MRE EriE FXP FHA A
& FASR UA sEA A JPE TAAE 4+ QU] wiFelch dEER
Az} +Eo2 Mzl ZFE AT M= Hox MY Hie] WARI)
C}.

3% 3-1-3 ()= 3708 AU 2718 YA FFL=E ofFoF F=Rolth
SETo|A &} Zro] o] ¥R state= 2} I7-H AZe] 2 Ax}4y n, ot 24 A
e S AA2] ¥ charge flow index® EAIH 4 el ol &1 (ny,
nz), {(m, n2)' = charge flow index?] x}o]7} 1lo]m, FHofyix]e] X}o]|7} eVel F
states LIE}YACE,

V << min(e/Cs, e/Cs2)d A$ F gate capacitance Ci, Cooll Ael= Uy, Uxd
ZASEY o8 stated] ollYA] k& WHAIA 5 Uttt JIA Cy, Co= F 1Y
H AFY FAHNEFolch Ur = ¢/2C,, Uz = e/2C: duwl state (0, 0), (1, 0), (0,
1), 22|32 (0, 00'¢] AU 27 3-1-3 (&t &2 YR S Zem oA
3% 3-1-3 (0ol A&t el Coulomb blockadeZ} #|AE o] ¥ Ro] AF{FI} T2

5
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——— TN
(0.0)" -
Jo p+ 1 charge llow
index

o, charge flow index p+ 1}

Fig. 3-1-3. (a) Schematic of the single-electron pump, (b) energy states of the
circuit when the control voltages U; and Uz are set so that
Coulomb blockade is suppressed. (c)-(e) Pumping cycle which
transfers one electron around the circuit of (a). It is obtained by
superposing two phase-shifted modulation signals on the values of
Uy and U; corresponding to (b).
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SElet A "Brh ey o] BT 2717t obd 370 Hilol a7 wiEoll state (0,
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(0, O ozl ztolal eVZl (0, D2} (1, 008 ol¥A] xlolHr} g 7§
transport voltage V& && 8} & modulation cycleo] HAX&E5E 2 v}3}
o2 A& ZEA glith meta] 3 3-1-3 (@)e Lol 3718 HYL R o]l Fojxl
AZHF single—electron ‘pump’2t ¥t}

Single—electron 'pump’&l A 252 2% 3-1-4 (a)& (b))} Zcl. Ut UxE
2]t zero-voltage conductancedll 3W%dt= U™ = o/Ciat Ux™ = ¢/Co7t S AlSHHA
FIFs (2 2oLl $1do] 0=x/2 g Aol7} W= Tl FI1FHA AZETL
Ui Ul A= A"} mheld 238 3-1-3 (¢), (d), (&) T2 cycleo] Yo
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BES HAAS QoA O+ viRAAFEERN A viE 4 ¢lth ojuj® npity}
2|2 current plateauZ} |&EEIL} AF{Fe] kS I B Z 7 vy A Hch 29 3-1-4
(b)= plateaud] Z7|& Fuhre] P42 Uepd Zlolth I = efe] VAT # g
e & 4 At}

o] A a}

3718 BYULE o]F i3 single-electron ‘pump’oliAii= gate voltageZ} 27] &
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Fig.

VV)
b
3
— 2
40
=
1
00 S 10 15 2'0
f (MHz)

3-1-4. (a) 1-V characteristic of the pump with and without a 4 MHz
control voltage modulation. The two modulation signals were
phase-shifted by &. Dashed lines indicate I=*ef. Full lines are the
result of numerical simulations taking into account quantum
fluctuations of the island electron number. (b) Current measured at
the inflexion point of the current plateau as a function of the
frequency f. Full line is I = ef.
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st 2L}, 470 Ao o]Fof2 Y 3-1-5 (a)dA &t L single-electron
‘turnstile’ ol A= 742 gate voltage L2 X A=x}J} iR o8 4 QA X
Adh= Zeo] 7hsdlth ‘turnstile’> Y AR & 1/2 F == gate
capacitance?} £otoll A Zxlo|el= SETS} F-Alsitt turnstile 218 218 H A
52 SETOlA C,U = e/2 duf dojL}= stoichastic conductances A AF
+ energy barrier +A& WETHIR 3-1-3 (b), (¢), (d). 4& IYH AHZof
2 A2 Q& B UE F7HXAFE HF F94 7™ AFol A7t 3
e BEIZE 7IR E AyA] EH4HE ASG AR|B7l= 3 BE F3 states
AUz ZASHAEH, 11 A A2} shrt 4 AYfE FFo e o7HA
ch olal tiA] UE ZAAFWH 27 stateEe) RE U]} Z718HAE o
ol T¥ AYUHE HFol AxzP7} hide Aeirt 71 €2 Aejrt o2 E
A= 594 188 33E HUAFECHIE 3-1-3 (d). wtetA pumpoll A £} u}
X7MX| E turnstiledl X 1 = efe] AH{F7E A} 28y} turnstiledl A= pump
ofMets del AR WS viE 5 glen, /Y W3S bias voltage V& F
Jo &3t A HCLL

rﬂLL HP
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charge flow index

Fig. 3-1-5. (a) Schematic of single-electon turnstile. (b)-(d) Turnstile cycle
which is obtained by modulating the control voltage U and which

transfers one electron around the circuit of (a).
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Az A Zioljk HAPEE o] 83l 2AAEE =FAA it VS A 3E 3]
Rog A2} 7|42t B8t mask’t WRYT, EFF sub-pm AZ2] njA

1

37ke] gulelmE EATAE FAY AAidnZel AP 2Esle WYL

Y 4 Qe ANE RASA AaY A AEs] g3 FAY AxA0RFE
g1 steict

Bl FAy AxtdnFel Qg Az Nzel Y duE nAE ¥
R, & Axpue) A4, Axby AR WA, Telm Axpuel Mol chs Yopn

1o
po
ﬁ-.lnI
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W,
Rad
o
i1h
Ac)
2
t
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ril
o
N
i
O
ok
¥
1
a

1 FAy Axjwn)Fe] L
7). Azpye] A4

A2 S dAFLR: Ky YaEded dxFoles d&33} field emission
F77E adch 3gul, EdFola X3 FALY Axdu|F 8 AREE 5
Efo] B2 o7|M = E&F AxFLE FEH EAAEHE= Hapdo chsfAqr dopr Al
C}.

a8 3-2-10A HE&= viel o] SF(cathode)& 713l £ F=Ale] oy =]}
work function® .t} AAE LT EZ2O0ITHYH ZNZLZOT AHzalzo| Bla=Ect &
< S hair pin FEeje] WolL} LaBs tiplE o]FojAol=t] W LU EL £
< 2-40 A|ZHd ®wbH 1aBs tipd] 32 200 Al o]Ateltt. 23u LaBs tipS A}
23}7] ¢i3iAME AR ET} 10° Torr Bt} Folo} 322 HWE9 ion pump’} Y&

it

?!:
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3 W,
W

4 Cathode

, ,,,,/ Wehnelt &
Crossover + 1-50kV

ZZZ7ZDNTZZZZZ Anode

*_¥
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»
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-
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-y e
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- 4"
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Fig. 3-2- ljoni 1St

g 2—-1. Thermionic electron gun consisting of cathode, Wehnelt cup and
anode. 'Tl:le Wehnelt bias Uw is provided by the voltage drop of
the emission current I. across Rw.

A Z ! A 1 l Z E Crossover

(.) . profiles
| 1

| Fw

Cathode emission current [,

-
-

Heating power of cathode Pp—e

Fig. 3-2- 1SSl

g 2. Cathode emission current I. versus cathode heating power P. for a
— < " . c
self-biased thermionic electron gun and typical profiles of the
crossover at three working points.
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S}t

SS2E2HE YEdH AAES I3 YT (anode) Atejol H7 Ag Ul &3
7155 7] o]Ao] 3L 2 biasH Wehnelt cupel &3] 222 tip o8 R&LHH
t}. o]uf negative biast= 1-10 MQ2] Rwell Ael= Y Uk = [Rwell &3l %A
Heh AFY AF & 22 heating power P8 #Al= ¥ 3-2-29} Zrc}, !
o] 7k A H&GH = HHRAE 1.7} saturation ¥ 7] vHEE A Aejo|t}, o] A
JENETE P& Y S7HA7IH 3ol 2dEo] HelESY 3P0 THE, Hx}
U] AST Vmpzich dbdE Pl 23 Adele] iRt e 7247t ¥l hollow

=
BEf2] Azpio] FPHcl

TAIY Ao o] dHFH HFFEE cathode-emission current I, electron-
probe current I,, Z12]31 specimen current I, 3Z2F7} At}

FSILo2NE WEEHE AxE o AF L= S tipd] =0 ulel of-+
NASIA uizlch L8 7] A= 35& 7Hd3lF= A/RARYY FusE
10 kHz ol o2 EHFEEHN ol 4 el Ja}, = 22 tip} Wehnelt
cup¥] AME TS %Y ATE AR tip2t Wehnelt cupte] Azl w3, HLH
PN ES] ¢folR, ¥ work function®] W3tol] ule} YR B2 A|Zte] uwle} ¢
M4 drifttct
A2 AZto]] 2lo] vfg- F82%¥ W4 probe AR = Faraday cup& o]£3}
o BHIA FFYE 4 2den, L= tip #1XY A HHE AP Ax}FE:
alignmentd] 703& &-& column® charging &2} o] .7} dAsigels HE
T 2ttt I EER L& 4BHE 3 H871x] Wie]l I d=d o REe
S Lol vlEste A3 E feedbackAlA 17 4B & & ZAEEsl= Aolt) I
gl UL 3 71 A Y, Wehnelt cup?] bias A4¢t, &FHE X2 excitation &
H

spAl7l 22 ulg 4 ot
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njx 2o 2 specimen AF L= AlRoIMe] AFZ L7t ARsIH el AR 2

® ‘SElL} charginge 2 13) vizjojd < gltt

A2 & FAHscanning)dtAV dr]H e g xlgk(blanking)dtz] $13F Axpil 9
1ol 7S HAFEEZHN & 4 it O3 3-2-30lA e o]
Azp7t AZ1% El = wda 27| B7l A’ BAUN FHULFZ o] Fof

capacitor W& F23HH AR} z-W3¥ EFHLE p, = mvE FoA|H, x-¢3}e]

rg
o¥¥
rlo
2

IIIII
iiiii

.....

.....
»

L | L]
iiiii
. -

Fig. 3-2-3. Electron deflection through an angle & by the transverse electric
field of a parallel-plate capacitor across a diaphragm for beam

blanking.
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- eh __ﬁ.___z‘f_ 1+E/Eﬂ o
T T By= 2d U 1+E/2E, (3-2-2)
2 FoRH, 7S HoFIUE w= 7}
e=-Lp — ens, (3-2-3)

[ 2m, E(1+E/2E,)] 2

7} "Hth A7 Us 333 430l Aels 7 dolh

o] & 5o capacitor®] Al%°] h =1 cm, d = 2 mm, u = 2 kVl 3% A
(3-2-2)0l 2]8tH 20 keV HzAPNE 5° HM3A7|7] ¢80 [El = 20 kV/ecm®o]
Yesich ey 2 2AY of 271RE B = 107 T7F @osicl o)A 273
& ©]8% scan generator?} U ZIRISHA| AAE =+ Q= A& &ulicid
olzict vt Rp71AY Afe BPAZE F A= F7]71 100 MHz) vbE 37
A& o] 83 HA9E= 10 GHz oo A2y 4= glormzg wE HxPYUe F Ak
zlctol W23 ZFSoll= Yutd oz AJFE o] &¥ich

Az Alzbe AMzlEo] resist®] HUAISES ZjE|BEAM o|FoZTt g,
A=}7) resiste} 7]3to]] AAIE]H Az} resist@} 7]2F LvholA ] AFgrR} 2%} AR}
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o] BAHogE AA Y3l wjyd Hrl ¢ HdEo] Y& sidlo] =33l S3dAe=
Az} Atgho] cf3] ters] ok L o] A=z}l Alglo] Azxpd 2lZbo) njxl= RS
Monte Carlo 'H-& |83l A4k Xglch

7} A=} AHgE

a3 3-2-4= B3I U2 QAMY Axte Ajkg FPF oz yvehpd aglolct
Resists Az} %ol ohz} sjzto 2¥e Al Axlol IME :RHT}
AAAAO] resist& BAUY W Yotk AW AV FL L=PEIE Hol:
h Z]ete 2R AME FuAxie wad Ye Wag kAo g
Hog 719 e EXE MHo|: 3 »UETL

o 4

Fy(r)= k[ exp — ( ?’/O'f)z + 7( Uf/ﬂ'b)zexD —(7/04) 2] (3-2-4)

2 FolXch A7AM 12 =HETXE FHLERELY A, ne= FUARIAEZR 2%
gt PdAPHALY)] ¥ =3 7He) ¥), 223l k= normalizing Ao] T},
O% 3-2-5& Jh&3Egol 10, 25 50 kV dule] FHpatsto] 23 e PEEe} ¥
BAtRbol ¥t T XEE UEl ot} JIGAHYe] F45F Bt ¥ A
ARl A TR Fo| FolAln, Fiilite) ¥ :=FEXE= HAE
spread¥]©] backgroundg@t UEldT) g2 g Fulilzle =R c B gojzjod: 1)
Rofl= A8 93& nAz| o} U E si-oles 23 &3 (Proximity

effect) & F3 Q& n) A}

L, A=} Algke] Monte Carlo A4t

H2}7} resiste} 7| gtoll YA AE wl resist kol VXS
oF 2xpA=te] A& FA3to] 2xpA =} FfatgbAxte] AxI4H S-S Monte
Carlo ¥ o2 AAbsteict®” Fupaapstete Love, Bishop, Myklebus7} AH2-3
Y CheARY RS o] &3dlo] AArsialrt o] REZ 23 'HEEE ol A%t
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g, = Sigms for forward-
ing distributi

Forward scattering

20kV

Fig. 3-2-4. Electron scattering in electron resist exposure. The curves at the
top of the figures show the exposure distributions due to the
incident and backscattered electrons.
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Forward-scattered

10KY

25kY

SOkV

i,
=

Vol dll Sl * doldboadiadhidinllofinfofifiadhd “ul ¢ M-""WW W*ﬁ

Fig. 3-2-5. Exposure distributions for a 1 um-thick resist layer on a Si
substrate for 10 kV, 25 kV, and 50 kV electrons.
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= TSSO T Qo
<l & 718 % Zolct njRlef] UARE AAR}7} 213 3t= A2l Bethe range Rs
= T2z} o] stopping power (dE/ds)g] 3o g FA]ET}

ZE3 olem abA=zte ofyx| = d53oletr] K}

B g

Rp= fl oI5 9E (3-2-5)

o 71 A stopping power$l dE/dst ui?A QtollA] Hxz}7} el Zdo] & (PGt 2fu]
2 ojAe] gt Zole] F) gofHil oYz & HEhes AR

2
dk _ _ 78.9002 1n(1.16——5)kev——————"’§ (3-2-6)

ds EA J

E, : 4ARAZRL] ol fz] (keV)

E : ofd Koo Ax} oz (keV)
s : mass length (g/cm®)

z - HAPHZ

A 1 A=E (g/mol)

J : H - ionization oY A]

2 Fojrl Ay $F HF S AX AAJ Rl ELSIALL A8 BW ¥ieR
HEd o 712 3HEE 3t 108 AR} ofd AFE x| ALY £ Q. &
A= & %2 FEEE A7]12130 5000700 chdt A=t A AlArsisich

221 A= F 2 gAbEzlo] o) AR Y] wiFol YAFHEAIY] W& FFHIH
Al 221 A Rte] A JHsAd 3t 2xbEx BE Yo R WEH ¥ES AAlstool &
ch PA}A=I7} iHx] Aol QAEE AYR]E 4] (3-2-7)0] =N, o] A4
= 221821e] 4= n(z, E)= 4 (3-2-8)2 Xl
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E()=EG+1)= % ds (3-2-7)

n(z,E)= -%_:(E( ) —E(i+1)) (3-2-8)

A 71 e 22HH AL 170E B A 7]=dld "HLedt oyx]o]c},

WA, MR Al AIZE} FHY HAE z, zia ol 33, FE ©A
A AR U ERE 2AA A7 JGHia JHEsHE BAAE 22132 £R e =
Ed ¥F Pz, zi)e T3 go] Fojzr}

Pz;,z,.,,)=A [ exp(—2z,/A) —exp(—2z,;.1/A)] (3-2-9)

i+l — Ry

8= (E(D)—EGi+1)—2—[ exp(—2/)—exp(—2z:1/D]  (3-2-10

w2t AR =LY A& RABIEA Z} chAlA e 2313z} YE2HE 55 A4t
St 22pzte] F BAEEE Y 4 ottt

=72 Monte Carlo AldtollM= JabA=te] AAE Ao =N vfA2} 4
T FEEHES st BE F93 ARoA HEFHE FARbAze} 2xpA 2] A
BES YAHARIY olYA]of wigl Aatstolct ojuf YAPAEX= v oA $1wH 9
T R HoA Azlgol 3o QAT JHEstd e, YAzl F EXE
7HEA1Q BElE Azl AZAE 4 nmE ) (o] AA Wl YAtA=IE Ex)
g HEZ 80%°lth). 2R C dol&2 2Ad3tg e, Compac 3862 80387

floating point coprocessorsS AHE-3to] 13X0of ¢k 87)8] A} HAFH S $F3Fdlac) ¥
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H Alite] QANE 24317 fI%t ZH X|H W 5000718 AAIE YA ZC

2% 3-2-62 Monte Carlo WE L2 ALY AAMARIY A3, & A B3 F
38-& 3t interaction volumeE WER aflo|t), YdaPAxIe] o {x|7} 10 kV
o|3}Ql Z-F-oll= Mzl EH F-ZoAgt dojy= w10 kVolA= ZAoles
Sl ArghE X ol yol= AAA THHEI MR IA veldr) 2y, 10 kV
ol gol M= o qR|7} wollel ulel Atghzto] ol JApHA}7L FF Y Hrl=
Ao T Agto] AHcT) 1§l 3-2-72 FARMEAIL oW Y X &
Zt3 Mol ¥ FrhE YARANY JRSAYE 2, 5, 10, 30 kVE o7}
o A4} Aot FYARMARE= thEARNE 313l7] diEol YAERe] JhG A
oto] Z7lU4S Pyt BEE Zhirh whd 2xpAs AUAbHRbe] o3 AAE
gEo| 27| diel YrtAxIe} vixd EXEF ZAL uweld ZHAIE L
317) 913 M= QAP REL] 71 Qto] Fotobdit

3. Zapy A= due 4

Az A2g 9ol 2APolHE UE JEOLANIA Azt FAly Axidn R
(JSM-6400)& g 315t2iT}. JSM-64008] Ak& Th32h 2,

7t 3l

o 2 A} image (SEI) :
3.5 nm B#& (working distance (W.D.) = 8 mm, 7F3 ¢t = 35 kV)
100 nm B4 (W.D. = 39 mm, 7} = 35 kV)

o FAIgFAE 2} image (BEI) :
10 nm 7} (W.D. = 8 mm, 7}&3Ae = 35 kV)

o BI& : x 10 (W.D. =39 mm) to 300,000

o Electron probe :
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(a) 2 kV

‘ ‘ '\V "iv
7
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v |
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N
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" .!-{’ ; \h o,

“ iﬁ’if A% \\*\!{‘
" "t'.'{" . » 3
/ {,’Z /} \

y ! :f(é

L4 dfiﬁf A

;’7/ /;":- ¥l E_“E:\ R YY) * \
?f-‘/ /’/(, R \*\\}1 AR

(c) 20 kV

Fig. 3-2-6. Electron trajectories calculated using the Monte Carlo simulation as
a function of incident beam energy: (a) 2 kV, (b) 10 kV, (¢) 20

kV, and (d) 30 kV.
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Fig. 3-2-7. Distributions of backscattered electron energy at different incident
beam energies, 2, 5, 10, 30 kV.
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7F&Ae 1 02 - 40 kV
0.2 - 5 kV (100 V steps)
5 - 40 kV (1 kV steps)
AF :10°-107 A

L A=} ¥R} AlAE

o MR
Bias A ¢} : Self-bias
Y 2HE : W hairpin ¥e}HE
% (anode) : Azl 23 7}%

Emission A : Meter readout

C}. Specimen Stage

o BEl : Fully eccentric goniometer stage
o °lF7Fs Agl :
X=50 mm, Y=70 mm, Z=40 mm
T(tilt) = -5° - +90°, R(rotation)=360° endless
o A& ¥ Airlock type (up to 32 mm dia.) and draw-out type

o Absorbed current measuring terminal : Built-in

et Azt 2E A2

o 2X}& A} image :
ZA=7] . collector, scientillator, light guide and photo-multiplier tube® 43
Collector bias : 7}<53 ¢t W.D. *H3}of| uje} viy
2xpd 2t 7hEA Y 1 10 kV
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o FurrtzbAE =} image :
Mode : compostion image and topography image
A&7] ¢ Si P-N gl

Operable range : W.D. = 8-15 mm, probe A ¥ = 10" A ‘?]"‘J

np, FAF A LH

0 Scanning modes

PIC : full frame scan
RD2, RD4 : selected area scan (1/2 frame size, 1/4 frame size)
RDC : selected area scan (any of 1/2 - 1/20 frame size)
L.SP : line scan for profile display
BUT @ bright-up cursor display
SPT : for spot positioning
o A} S5 : 0.0167 - 640 ms/line

v}, Beamblanking

o Type ' electromgnetic detlection

o Response bandwidth @ dec to 0.7 MHz at 0.2 - 04 kV
o Rise time : ¢} 0.5 ps (0.7 MHzoll 30%)

o Fall time : ¢} 05 us (0.7 MHzell 3§%)

o Delay for startup : 0.9 us o3}

7 3-2-88 AMAH 2}y AR} oA HES A8l St A IHA
A7l AHg AR ZAzjolch AP AZEE fl3 FANS Az} Wn| Ao 251
o3} writing systemS S RaithAl2%E Foistelen 64 Fo] AX|H oF

ojct.
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Fig. 3-2-8. SEM (JEOL 6400) test images of Latex cells.
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4] 3 A Aharanov-Bohm &Z3} A=} A2 4l EA R4}

2 A3 JFEIFE u|2FYY AR n]A£FYE FHol vy FHI}
22 1xpdxole AP Ao HAzAE 37193 mesoscopic device T 7H%
e FRE 25 = e 2] Aharanov-Bohm (AB) £3*& Si 7|2 ¢
off H2}std FA|L BlollA] AB £Xte F4 & XA

AB &xte AFY U AYA dZA WeY 1 x 1 mm® 2718 A3F3} 1 um
ojgt A7le] 3R} AAE olFolA glrh. I UL 1 x 1 mm” & A
S =RET7E =3 Azxpy AZeR Al FAIMol 4257 wizel A
St Axpd A 4] ¢lAE Hed R align keys BANZY J|eE ol
|3t A Alstelct.

O3 3-3-100A B wiel 22 A3 align keys TR 32 F71r] Wy L
2 A2 Alestdet AHmls image reversal process®l lift-off& o|-&3%F ¥
o2 A lift-offol]l L E negative sloped ¥& 4 U+ image reversal®] A%t
AL Y 3-3-2¢9} Zrl Lift-off & ¢13iA = AZAY zfde] A2 SARAE
o]-&5l Tig &F 50 A FHAY F AuF 150 - 200 A 77 A F2A|2AT)
24 52 Fole 7]9E ol Eo @It photoresistE A AT 2L} o] ¥
& A2 7tA=}e]ol residual photoresist?} ol Axpet AF ZHe] AL W3
sl B2 B Axte} HFo] HJ|HLR F AR A drt

Fz) 9h.e residual photoresist7t W & ¥317] 913l ©A Si 712 #d
Azpy SAAAE o] &3t Ti (50 A)2} Au (200 A)E FHAIY F Fe|&asg)
¥ 2} ion milling& ©l&3td HZZ} align key olg]el H&E& Zotle Foladrl
a2y, o] We A} AR ode I3 AP AZAE wEouUA= XIS
cl AZ2} 4Ax1e] 374 7R EA7F El= 2L residual photoresist®] F7|ol] ]
Z428 FA7F ¢itheE Rojglrh e}, njAHY AR A|ol=

FAZE S 1um A H ZOR oitsinz AF3 4x}e
g Jlog Axlo] &Y AlgAHedE= AF3} 4Axpe] dF A

r2
Y,
L
gv
gl
)
N
rO'
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N/
AN

Fig. 3-3-1. Probes and align keys for Aharanov-Bohm devices
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L

coat photoresist
(AZ 5214 E)
on Si wafer

bake at 90 C
for 20 min.

nlnli—

expose the patrtern
using the mask
for Os

leave at room
temp. tor 5 min.

bake at 115 C
for 20 min.

leave at
room temp. for 10 min.

expose without
the mask for 60s

over develop

Fig. 3-3-2. Fabrication process of image reversal

_95_



2t & A E31R] QdTh

1e] B eke] Aharanov-Bohm £Xxb= KAIST R52 Az A2t (Y& Elionix
Al2] ELS3300) Hu]& o]&3le olu] HAIZ 2} align key =°] AHZHH Si 7|3 ¢l
A 2l gdct AxPY Az} resist®EE PMMA®}F Co-PMMA ©l% resist& AH8-3}
dcrl. PMMA olzfo]l Co-PMMA resist& AHE¥ olf= Co-PMMA resist7}
PMMA Xt} Hzxpdol] th¥} sensitivity7} F32 22150 2ol &nfo] g A £33
=22 lift-offol] Y RY negative sloped PA & 4 ¢7] wiEeldct AxpE XA
Zta] Azpwle] 7R AL 30 kV, dose L 148 uC/cm’s stct.

Lift-offS 2= sielo] develop® 713t 9]ol noble metald! Pd, Agst
semi-metald! Sb 5& Az FAFAE o| &3l FA3IPoH, F&5 WY FH
¥ PMMAS2} Co-PMMA resisti= oM &0 &7} A A3t 18 3-3-32 A%

Y Ag AB 421§ SEMLE @Rt Zzto|th I§ 3-3-3 £ AF W 28
RAF YE Az1e] AU F AHAY Hel Zojrt 1 um, AFo] 01 um HLony
A2t Az GF Alzig el ¥Hel Zolzt 09 um, AFo] 02 - 027 umElch A
Zo] golA olf= Hxpd AlZA] ZHANE BAMFA] ogtr] dEolzla 4
2t et

AB Xzl 1Y 3-3-4¢9) %L AMFut 2F{F FSFHAE o] §3ste FA AT
Azt EFE= A{FE= Ful4 33 Hz, Vo = 1-10 mVE] AWE 1 MQE| X 3toj
AZAsl 10-100 nA7} BEHA sfaich 4xje] Hele AYS AB &% F¥EES
Eol7] 913} Aate] A3kt uixyt HFLE 2= decade A Y-S 4AI0} ZER
oI AFtd Ztzt 10 iRl 2EF A7 FEH AHUXE lock-in amplifier (PAR 5210)
2 EAstgct FAA] 27138 sweep rate= &% ¢F 0.05 Gl

a7 3-3-5 (a), (b), ()&= 2z} Sb, Ag, PA2E o]Fol AB £32pe] 27[A Y
& 25 20 mK&} 150 mKoflA &% Axfolrh & AFoA mK &£ FAE
& °He/'He dilution refrigeratorS ©|&3te] MAdstolch B = 0 Al At43 g
Ro¥e] Sh Axle ¢E Alzbe] wWel Zolrst 091 um, MFe| 0.14-0.17 um, A%

o] 226 Qo] o, A QbE AbziRg e 8ol Zolt 0.9 um, AHo] 02-03

ml
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Fig. 3-3-4. Schematic diagram of Aharanov-Bohm effect measurement system.
The dotted box indicates the “He/*He dilution refrigerator.
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Fig. 3-3-5. Magnetoresistance data of (a) Sb ring, (b) Ag ring, and
(c) Pd ring at T=20 and 150 mK
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